Bioreduction of methyleneketones was carried out with Rhizopus arrhizus, Pseudomonas fluorescens and immobilized Saccharomyces cerevisae. The α-substituted enones were enantioselectively reduced to saturated ketones with good to excellent ee, depending of microorganism. With the S. cerevisae good ee (12-93%) was obtained while excellent ee (99 %) was achieved with P. fluorescens.
Introduction
The growing interest in asymmetric synthesis has promoted great developments in biotransformations in organic synthesis applied for the synthesis of chiral compounds. 1 Baker's yeast has been widely used, mainly for the reduction of the carbonyl groups of pro-chiral ketones, producing alcohols with high enantiomeric purity. 2 Reduction of a C=C bond has also been achieved, although it is mostly frequently conjugated with a carbonyl group. 3 Less attention has been paid to the bioreduction of α-methyleneketones and most studies were carried out with baker's yeast. 4 Chiral α-methyleneketones are structural moieties in a large class of compounds, such as drugs and pheromones 5 and, in many cases bioactivity is dependent upon the
Results and Discussion
Synthetic routes to α-methylene carbonyl compounds have received considerable attention due the importance of this class of compounds as useful intermediates. 7 A number of methods have been described and reviewed. 8 We have tested different methods for a direct methylene transfer; 9 the most successful, efficient and general method was the direct Mannich α-methylenation introduced by Kim. 10 Treatment of the appropriate ketone with 37% aqueous formaldehyde solution in the presence of morpholine in refluxing acetic acid directly furnished the desired unsaturated ketone in good yield (see Table 1 ).
Baker's yeast reduction of 2-methyl-1-phenylprop-2-en-1-one 2a was fast and gave isopropyl phenyl ketone 3a in reasonable yields. In order to facilitate the isolation of the product from the broth we employed yeast immobilized (IMBY) onto montmorillonite K10. 11 Using short periods (6 h) of incubation only the ketone 3a (nearly 50% yield) and the starting acrylophenone 2a were isolated. After 12 h of reaction, 3a was isolated in 76% yield and traces of the alcohol 3-methyl-1-phenyl-2-propanol. With long periods, reduction of the ketone to the alcohol increased very little. It is known that aryl methyl ketones are reduced to (S)-alcohols in modest yield with approximately 70% ee. 12 Treatment of the acrylophenone 2b with IMBY gave, after 12 h, a 67% yield of (2R)-1-phenyl-2-methylbutan-1-one 3b in 93% ee. The absolute configuration was determined comparing the [α]D -24.0 with the published value. 13 Reduction of methyl 3-benzoylbut-3-enoate 2c with IMBY for 12 h gave a good yield (59%) of methyl (-)-(3S)-3-benzoyl-3-methylbutanoate 3c with poor enantioselective 12% ee. 14 A satisfactory result was obtained with 2e which gave 3e in 65% yield with 85% ee. Attempts to reduce acid 2d were not successful since products were not isolated from the reaction with IMBY.
In order to find other active microorganisms with the above substrates we chose the fungus Rhizopus arrhizus and the bacterium Pseudomonas fluorescens. The biotransformations were conducted with a resting cell mass/substrate ratio of 30/1 in a phosphate buffer solution (PBS) at pH 7 at 30 0 C and 110 rpm. In Table 2 we present the results. Reduction of substrates 2a-e with R. arrhizus gave the same reduction products with yields similar to those obtained with IMBY but the ee are poor. Better results were achieved with P. fluorescens, giving higher yields and enantioselectivities than with IMBY and R. arrhizus. The enzyme enoate reductase present in P. fluorescens gave, with all substrates, ee not less than 99% for the reduction of the C=C.
We have commented above that aryl alkyl ketones are reduced by baker's yeast in low yields although the study of the reduction of γ-ketoesters 1c and 1e was not systematically consummated. In contrast, it is well known that α-and β-ketoesters are very suitable substrats for biocatalysts.
2b-c The ketoester 1e was not metabolized by IMBY since the p-methoxy group is a strong electron donor that inactives the substrate. 15 Reaction of the γ-ketoester 1c with IMBY gave, after several days, two main compounds, lactone 4 and γ-ketoacid 1d. Considering that the amount of 1d is dependent on reaction time, we carried out the reaction of 1d as substrate with Commercially available chemicals and solvents were used without further purification.
α-Methylenenation of benzophenones and γ-ketoesters and acids.
The mixture of a ketone (10 mmol) and morpholine (5 mmol) in 20 mL of glacial acetic acid was heated under reflux. To this refluxing mixture a 37% aqueous formaldehyde solution (5 mL) was added dropwise over several hours (6-24 h). After completion of the reaction, acetic acid was stripped off under reduced pressure and the residue was diluted with ethyl acetate. The organic layer was washed successively with 10% aqueous hydrochloric acid, saturated sodium bicarbonate solution, water and brine, and then dried over anhydrous magnesium sulfate. The solvent was evaporated. The crude oil was purified by silica gel column chromatography. 
Methyl 3-benzoylbut-3-enoate (2c

